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Electron microscopy
Electron tomographys can withstand starvation under monolayer conditions for a few days without
dying. They die only when the differentiation factor DIF-1 is exogenously added. Still, when HMX44A were
subjected to starvation without addition of DIF-1 they showed, by electron microscopy and electron
tomography, gross mitochondrial lesions including marked cristae alterations with frequent “holes” probably
originating from dilated cristae. Since these cells did not die as shown for instance by FACS analysis, these
results showed unexpected resilience of cells bearing markedly altered mitochondria, and thus showed that
apparently destructive mitochondrial alterations may not lead to cell death. Also, these marked
mitochondrial lesions could not be caused by caspases or bcl-2 family members, which these cells do not
encode.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria can be causally involved in caspase-dependent
apoptotic cell death, in particular through ﬁssion [1] possibly involved
in cytochrome c release [2]. Some mitochondrial lesions may also be a
consequence rather than a cause of apoptosis, for instance through
mitochondria-detrimental effects of activated caspases [3]. More
generally, the relationships between mitochondrial structure and
function, on the one hand, and apoptosis and other types of cell death
on the other hand [4], are only partially understood. Still, it is often
believed that marked mitochondrial alterations lead to cell death. Do
they?
To answer this question, we took advantage of the two-step
induction of cell death in Dictyostelium discoideum. In this organism,
in vitromonolayer approaches [5] revealed and permitted the study of
an autophagic vacuolar type of cell death [6–8], and, when the atg1
autophagy gene was mutated, a necrotic type of cell death [9,10].
Importantly, starvation by itself did not lead to either type of cell
death, as repeatedly shown [6–10], but was required for subsequent
induction of cell death. This induction was achieved through
exogenous addition of differentiation-inducing factor (DIF-1), a
small dichlorinated molecule that is a main natural morphogen inR6216 CNRS-Université de la
eille Cedex 09. France.
l rights reserved.Dictyostelium [5]. This required addition dissects out starvation
(which sensitizes to death) from addition of DIF-1 (that triggers
death), which constitutes a signiﬁcant analytical advantage of this
experimental system.
Another question bears on what inﬂicts mitochondrial lesions in a
stressed or dying cell. Caspases and bcl-2 family members have been
implicated [3,11,12]. Of note, in Dictyostelium cells there are no
caspase-family members (except one paracaspase gene which is not
involved in autophagic or necrotic cell death), no Bcl-2 family member
and no BH3 (Bcl-2 family domain)-bearing molecule [13,14], which
therefore cannot take part in mitochondrial alterations.
We report here on marked mitochondrial lesions including
apparent “holes” likely due to extreme dilation of cristae, revealed
by electron microscopy (EM) and subsequently electron tomography
(ET), in Dictyostelium cells subjected to starvation only, without
addition of DIF thus with no induction of cell death, and in the absence
of caspases or bcl-2 family members.
2. Materials and methods
2.1. Cells and cell culture
Dictyostelium discoideum axenic strain HMX44A.atg1-1 described
earlier [9] was routinely grown at 22 °C in HL5 [15] containing
Blasticidin (10 μg/ml). Starvation conditions and monolayer experi-
ments were as described [10]. When added, DIF-1 was at a ﬁnal
concentration of 100 nM.
2014 A. Kosta et al. / Biochimica et Biophysica Acta 1783 (2008) 2013–20192.2. Electron microscopy
Cells were processed as described earlier [15]. Brieﬂy, cells were
preﬁxed at 22 °C by adding an equal volume of 2% glutaraldehyde in
PBS buffer pH 7.2 (grade I; Sigma-Aldrich) to the culture medium.
After 20 min the medium was replaced by 1% glutaraldehyde in PBS
for 1 h at 4 °C. Cells washed in PBS, concentrated in 2% agarose (LMP
Agarose, Sigma A9414), washed again in PBS and postﬁxed in 1%
Osmium Tetroxide (EMS 19150) for 1–2 h at 4 °C. Samples washed
again in distilled water and treated with 1% uranyl acetate (EMS
22400) for 1 h at 4 °C in the dark. Samples washed againwith distilled
water, dehydrated in a graded series of acetone and embedded in Epon
(Polysciences 8792). Ultrathin sections (60–90 nm) were collected,
stained with uranyl acetate and lead citrate and examined using a
Zeiss EM 912 electron microscope.
2.3. Morphometric analysis of mitochondrial alterations
Electron micrographs of randomly selected cells of each stage
(with or without DIF-1) were collected and the statistical analysis was
done using ImageJ (http://rsb.info.nih.gov/ij/). Surface area is in μm2.
The number of cells and the total number of mitochondria analyzed
were, for starved cells without DIF-1 26 and 428 respectively, and for
starved cells with DIF-1 19 and 318 respectively.
2.4. Electron tomography
Before recording electron microscopy projections of semi-thin
sections (250–500 nm), 10 nm colloidal gold particles were applied on
both surfaces of the sections to function as ﬁducial markers for
subsequent image alignment. The specimenswere placed in a high-tilt
specimen holder (Fischione type 2020; Fischione Instruments,
Pittsburgh, PA, U.S.A.) and datasets were recorded at 200 kV (Tecnai
20 LaB6; FEI Company, Eindhoven, TheNetherlands). Angular tilt range
was from −65° to +65° with an increment of 1°. Images (1024×1024Fig. 1. Ultrastructural morphology of a representative vegetative cell. HMX44A.atg1 cells in r
(Go). The mitochondria (Mi) occupy a substantial portion of the cytoplasmic volume and thei
they display a dense matrix, with normal cristae. Bar, 2 μm. (Inset a) Higher magniﬁcation of
(Inset b) Higher magniﬁcation showing a Golgi apparatus with its usual morphology, indicasquare pixels) were recorded using a CCD (charge-coupled-device)
camera (Temcam F214; TVIPS GmbH, Germany). The sections were
pre-irradiated to avoid shrinking effects during recording [16].
Automated data acquisition of the tilt series was carried out using
Xplore 3D (FEI Company, Eindhoven, The Netherlands). For dual axis
tomography [17], the grids were manually rotated over 90°, and a
second tilt series was acquired over the same tilting range. For image
alignment, the colloidal gold particles were used as ﬁducial markers.
Tomogramswere computed for each tilt axis using theR-weightedback-
projection algorithmand combined into one double-tilt tomogramwith
the IMODsoftware package [18].We recorded and reconstructed in total
more than 35 single and double-tilt series of mitochondria.
2.5. Modelling and analysis of tomographic data
Double-tilt tomograms were analyzed and modelled using the
IMOD software package [18].
3. Results
3.1. Starvation results in abnormal mitochondrial morphology
irrespective of addition of DIF-1
We used Dictyostelium HMX44A cells, which produce little or no
DIF-1 but are sensitive to exogenous DIF-1. The mitochondrial EM
lesions we saw upon starvation were similar whether these cells had
been further mutated for the atg1 autophagy gene or not. Since
HMX44A.atg1-1 cells formed the basis of our necrotic cell death
model [9,10], only results obtainedwith these cells (“cells” throughout
this paper) are presented in detail here. Fig. 1 shows a control cell in
rich medium with typical vegetative cell morphology, large vacuoles,
dense endoplasmic reticulum and a small Golgi system (inset b). The
latter indicated that the methodology used allowed good preservation
of these organelles. The mitochondria were round, compact with
preserved cristae (inset a).ich medium, showing large vacuoles (V), dense endoplasmic reticulum (ER), small Golgi
r diameter ranges from 0.5 to 1.0 μm. They are round, with a “compact”morphology and
a vegetative mitochondrion showing compact morphology, with no obvious alterations.
ting good preservation of the cell organelles.
Fig. 2. Detection and quantiﬁcation of Dictyostelium cell death using ﬂow cytometry analysis (FACS). HMX44A.atg1 cells were subjected to starvation and cAMP, and then were
incubated with or without DIF as described. FACS output of forward versus SSC of HMX44A.atg1-1 cells, (A) without DIF or (B) 2.5 h after the addition of DIF. The latter shows a newly
appeared ‘cloud’ of cells with ruptured membrane.
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two steps: ﬁrst starving the cells for a well-deﬁned period and
subsequently exogenous addition of DIF to trigger death [9]. Fig. 2Fig. 3. Starvation resulted in drastically altered mitochondrial morphology. Starved cells
30 min after addition of DIF showed central condensation of organelles and organelle-
free periphery. There are no visible autophagosomes. The mitochondria (Mi) were
round, with altered cristae and unexpected dilations (“holes”). (inset) Higher
magniﬁcation of these mitochondria showed a membrane at the periphery of these
“holes” (double arrows). These alterations were observed in starved cells even without
addition of DIF-1, but not in vegetative cells. Numerous microtubules (single arrows)
were visible. Bar, 2 μm.shows the detection and quantiﬁcation of Dictyostelium cell death by
ﬂow cytometry analysis [15]. Flow cytometry showed upon addition of
DIF (Fig. 2B) the appearance of events of lower forward scatter (FSC)
and slightly higher side scatter (SSC), generating a ‘cloud’ distinct from
that of cells not subjected to DIF (Fig. 2A). Cells in the cloud that
appeared after addition of DIF were dead as judged by propidium
iodide uptake [9]. Clearly, in the absence of DIF very few cells died
(Fig. 2A).
We examined the starving cells using EM. Upon starvation and
addition of DIF-1 for 30 min (Fig. 3) the cells exhibited perinuclear
clustering of organelles and small vacuoles. A closer examination
revealed numerous microtubules (inset, single arrows) and the almost
organelle-free periphery. No visible autophagosomes were seen, as
expected since the atg1 autophagy gene was disrupted in these cells
[9]. The mitochondria were round, with altered cristae and prominent
dilations (“holes”: this word, used throughout, is a 2-dimensional
description of a 3-dimensional cavity that as shown below does not
extend beyond the mitochondrial membrane). Higher magniﬁcation
(inset) showed a membrane at the periphery of these “holes” (double
arrows), suggesting that they derive from swollen cristae.
Importantly, we observed these mitochondrial alterations in
starved cells with or without DIF-1 (not shown) but not in vegetative
cells. Thus, these mitochondrial alterations required starvation, but
not DIF-1. Also, treatment with DIF-1 of cells which were not starved
did not lead to any detectable lesion (not shown).
In order to better deﬁne the structure of these mitochondrial
“holes”we performed EM on serial sections of a particular cell (Fig. 4).
We observed that holes appeared and disappeared within mitochon-
dria as the serial sections progressed on the z-axis (Fig. 4, see sets of
arrows). This conﬁrmed that these “holes” had continuity in the
mitochondrial structure.
We encountered intra-mitochondrial “holes” with different
aspects during this study (Fig. 5A). Numerous electron micrographs
of starved cells were recorded, with or without DIF-1. Cells were
processed within 60 min after addition of DIF-1, before cell death
proper could take place. A systematic study did not reveal statistically
signiﬁcant differences between starved cells in the presence or
absence of DIF-1 in terms of cellular surface area (Fig. 5Ba),
mitochondrial surface area (Fig. 5Bb), mitochondrial number (Fig.
5Bc) and number of abnormal mitochondria per cell section (Fig. 5Bd).
Apparently only a minority of mitochondria showed “holes” per cell
section, and most others showed somewhat dilated cristae. Impor-
tantly, however, because “holes” can exist in a mitochondrion outside
of a given section (Fig. 4), the data in Fig. 5Bd underestimate the %
mitochondria with “holes” in a given cell. From another point of view,
Fig. 4. Serial sections revealed the depth of mitochondrial “holes” in a given cell. In order to better deﬁne the structure of these mitochondrial “holes” we performed EM on serial
sections of the same area. The six serial images here are not orientated the same way; they are tilted because of technical reasons related to the microscope. However, one can
distinguish landmarks in the images (e.g. nucleus, vacuoles, and scratches from the knife) that help locate the samemitochondrion from one section to the next one.We observed that
“holes” appear and disappear within mitochondria as the serial sections progress on the z-axis (each set of arrows marks the same mitochondrion). This conﬁrmed the hypothesis
that these “holes” had continuity in the mitochondrial structure. Nu = Nucleus.
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wt or atg1-1 cells (not shown).
3.2. Electron tomography revealed 3D ultrastructural details of
starvation-induced mitochondrial “holes”
To further investigate this peculiar mitochondrial morphology, we
performed ET. Tomography allowed us to study sections that are thick
enough to contain a representative portion of the undisturbed
mitochondrial volume (300–500 nm) compared to the ultra thin
sections (70–90 nm) used in conventional TEM. Cells under different
conditions were simultaneously conventionally ﬁxed and plastic
embedded (see Materials and methods). Samples were sectioned
into 300–500 nm thick slices from which tilt series were acquired
(±65°, 1° increment). We recorded approximately 35 single and/or
double-tilt series of mitochondria in vegetative cells, starved cells and
starved cells in the presence of DIF-1. Within the time period
considered (e.g. 17 h after starvation, and not more that 60 min after
DIF-1 addition), there were major differences as to the ultrastructure
of mitochondria between non-starved and starved cells, but not
between starved cells with or without DIF-1. Two typical examples of
these recordings are shown here as ﬁgures (Fig. 5) and as time lapse
movies (Supplementary material).
The ﬁrst tomogram and its 3D model are of a representative
vegetative cell (Fig. 6A). The mitochondrion has a normal compact
morphology, the outer and inner membranes seem smooth and
parallel and cristae are densely packed. Cristae derive from the
inner mitochondrial membrane (arrow). The corresponding 3D
model is shown in Fig. 6B and as Video 1 in Supplementary
information.
The subsequent tomogram and its 3Dmodel are of a representative
starved cell 60 min after addition of DIF-1 (Fig. 6C, D). The
mitochondrion is swollen; the inner membrane is pulled away from
the outer membrane, the intermembrane space is increased and
irregular, and cristae are enlarged. Especially striking is the continuouslining around the “hole”, which clearly distinguishes it from the
unlined occasional empty-looking spaces in the vegetative cell. The
corresponding Video 2 is shown in Supplementary information.
The tomographic analysis of mitochondria conﬁrmed that cristae
were altered and provided us with three-dimensional images of these
alterations. Again, similar abnormal mitochondria in starved cells
were seen with or without addition of DIF-1 (not shown).
4. Discussion
We report here on marked remodelling of cristae upon starvation,
in cells which (if DIF-1 is not added) are not dying. This unusual
mitochondrial morphology is unlikely to be the result of artifacts of
the specimen preparation, as all the samples were prepared
simultaneously and processed the same way, the overall morphology
of cells and organelles was typical, but only the starved cells exhibited
such markedly altered mitochondria.
Depending on source and conformational state, cristae can vary
from simple tubular structures tomore complex lamellar structures or
they can coexist [19,20]. Manella et al. used electron tomography and
their 3D images clearly have shown that the cristae are not bafﬂes
with wide openings into the intermembrane space but rather are
pleomorphic and have an extensively tubular nature [21]. In our
experimental conditions the mitochondrial cristae of Dictyostelium
have a rather tubular morphology.
Mitochondria undergo in physiological conditions continuous
ﬁssion and fusion events, which have recently been shown to play a
key role in apoptotic cell death progression in animal cells, including
release of mitochondrial apoptotic proteins [1,22–26]. Apart from
upon dividing and fusing, the mitochondrial ultrastructure undergoes
substantial changes during apoptotic cell death, including remodelling
of cristae. In healthy mitochondria, the relatively tight cristae junction
connects to the tubular and lamellar cristae. This tight cristae junction
also provides a barrier for cytochrome c such that approximately 80%
of total cytochrome c is in the cristae [19,20].
Fig. 5. Diversity of aspects and morphometric analysis of mitochondrial alterations. (A) Spectrum of mitochondrial lesions encountered in starved cells without (a, d) or with
exogenous DIF (b, c). (B) Histograms showing cellular surface area (a), mitochondrial surface area (b), mitochondrial number (c) and number of abnormal mitochondria per cell
section (d) of starved cells with or without DIF-1. Surface area in μm2. Electron micrographs of randomly selected cells of each stage (with or without DIF-1) were collected and the
statistical analysis was done using ImageJ (http://rsb.info.nih.gov/ij/). No signiﬁcant statistical differences were found. Importantly, because “holes” can exist in a mitochondrion
outside of a given section (Fig. 3), the data in Fig. 4 Bd underestimate the % mitochondria with “holes” in a given cell.
2017A. Kosta et al. / Biochimica et Biophysica Acta 1783 (2008) 2013–2019Cristae remodelling can be dissociated from apoptotic cell death.
Korsmeyer et al. showed that remodelling of mitochondria occurs in
vivo and in vitro following diverse signals in Bax, Bak-deﬁcient mice,
i.e. without apoptotic cell death. For instance, in isolated animal cell
mitochondria, the pro-apoptotic BH3 protein tBid induced a striking
remodelling of mitochondrial structure with mobilization of cyto-
chrome c stores in cristae. EM studies showed that during this processthe cristae junctions were dilated in tBid treated mitochondria, thus
presumably allowing cytochrome c to be mobilized through these
dilated junctions to the intermembrane space. The authors suggested
that during apoptosis, two parallel mitochondrial pathways operate,
one to guarantee the release of cytochrome c across the OM, the other
to remodel mitochondria to ensure the completeness of this release
[27]. Also, during apoptotic BIK mediated cell death through the
Fig. 6. Electron tomography revealed 3D ultrastructure details of the starvation-inducedmitochondrial “holes”. (A) Tomogram and (B) its 3Dmodel of a representative vegetative cell.
The mitochondrion has normal compact morphology, the outer and inner membranes seem smooth and parallel and cristae are dense. Cristae derived from the inner membrane
(arrow). (B) Corresponding three-dimensional model. (C) Tomogram and (D) 3D model of a representative starved cell 60 min after addition of DIF-1. The mitochondrion is swollen,
the inner membrane is pulled away from the outermembrane, the intra-membrane space is increased and irregular, and cristae are enlarged. The continuous lining around the “hole”
clearly distinguishes it from the unlined occasional empty-looking spaces in the vegetative cell.
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dependent on calcium ions from ER and on Drp1, suggesting a role
for mitochondrial ﬁssion proteins in cristae remodelling during
apoptosis [28,29]. Moreover, Frezza et al. showed that Optic Atrophy
1 (OPA1), a protein of the inner mitochondrial membrane protected
from apoptosis by preventing cytochrome c release independently
from mitochondrial fusion. OPA1 did not interfere with activation of
the mitochondrial “gatekeepers” BAX and BAK, but controlled the
shape of mitochondrial cristae, keeping their junctions tight during
apoptosis. The pro-apoptotic BCL-2 family member BID, which widens
cristae junctions, also disrupted OPA1 oligomers. Thus, OPA1 has
genetically and molecularly distinct functions in mitochondrial fusion
and in cristae remodelling during apoptosis [30]. Additionally this
remodeling of cristae required PARL which participated in the
production of a soluble form of Opa1 [25].
Although cristae remodelling may be required for cytochrome c
release, the mechanisms behind this process are not clear. Recently
Frey et al. used electron tomography to study the remodelling of the
inner mitochondrial membrane into many separate vesicular matrix
compartments that accompanies release of proteins; however, this
remodellingwas not required for efﬁcient release of cytochrome c. The
authors suggested that this remodelling may have another function,
possibly in the fragmentation of the mitochondrial network that
accompanies apoptosis [31]. The above-cited data bear on a causative
role of mitochondrial lesions in apoptotic cell death, while there are
also reports of a role in mitochondrial lesions of caspases [3] and of
Bcl-2 family members [27].
There are previous reports on mitochondrial lesions during non-
apoptotic cell death. Nitric oxide induced cell death in neurons wasshown to be caspase-independent, with early ultrastructural damage
to mitochondria. The mitochondria became round and swollen, with
abnormal cristae and occasionally large vesicles sometimes similar to
the “holes” described in the present report [4,32]. The relationship
between starvation and non-apoptotic cell death is signiﬁcant in the
case of ischemia in higher organisms. In hepatocyte injury associated
with ischemia–reperfusion, mitochondrial damage could be greatly
enhanced by fasting, which decreased the hepatic content of
antioxidants and therefore sensitized the mitochondria to the
injurious actions of ROS, resulting in markedly swollen rounded
mitochondria, with loss of cristae and predominant clear matrix [33].
Interestingly, isolated phosphorylating or antimycin A-treated liver
mitochondria showed conformational changes giving the appearance
of “holes” [34,35]. Our results show that in Dictyostelium cells, cristae
remodelling can occur upon mere starvation, irrespective of induction
of cell death.
Also, in Dictyostelium the two main families of molecules required
for apoptosis (caspases and bcl-2 family members) are absent.
Putative orthologous genes are not found in the genome. The only
intact paracaspase gene present in the Dictyostelium genome can be
inactivated with no effect on cell death [13,14]. Thus, in this system
mitochondrial cristae remodelling can occur in the absence of
potentially mitochondria-destructive caspases or bcl-2 family mem-
bers. Interestingly, DdAIF the orthologue of themammalian apoptosis-
inducing factor (AIF) was released from mitochondria during Dic-
tyostelium cell death induced in conditions similar to ours [36].
Starvation that sensitized cells to the effect of DIF-1 also induced
mitochondrial lesions, suggesting that these mitochondrial lesions (or
their direct cause or consequence) made the cells sensitive to DIF-1. In
2019A. Kosta et al. / Biochimica et Biophysica Acta 1783 (2008) 2013–2019any case, these lesions appeared under circumstances leading to either
autophagic or necrotic cell death, suggesting that these lesions were
not instrumental in the cell's choice between autophagic and necrotic
cell death.
Several reports have emphasized the existence of mitochondrial
lesions under conditions leading to cell death, and it has often been
assumed that gross mitochondrial lesions may indeed at least
contribute to cell death. The two-stage induction system of cell
death in Dictyostelium allowed a clear-cut dissociation between
gross mitochondrial lesions and cell death, leading to the conclusion
that major mitochondrial cristae alterations can occur in the
absence of cell death. In each surviving cell, each altered
mitochondria may have recovered. Alternatively, unaltered or less
altered mitochondria may have contributed to cell rescue when rich
medium was added.
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